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Abstract 
Mitigating the conditions known to accelerate degradations during start-up and shut-down is one of the 
main requirements to improve the durability of Proton Exchange Membrane Fuel Cells (PEMFC), 
especially for transportation applications. Accelerated stress tests such as cyclic voltammetry cycles are 
usually used to simulate these conditions. While this technique is easy to implement, the results presented 
in this paper suggest that the degradations it induces do not correspond to those obtained in real operating 
conditions.  
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1. Introduction 
While PEMFC have reached sufficient power density to be used in automotive systems, they still suffer 
from a low durability for such applications. As a safety requirement, the anode compartment cannot be 
kept filled with hydrogen when the fuel cell is not in use. Although in some cases, the fuel cell shut-down 
(SD) can be performed without injecting air in the anode compartment (i.e. for instance by closing the 
inlet and outlet until hydrogen spontaneously crosses the membrane), it is very difficult to avoid the 
presence of oxygen in the anode at start-up (SU), which is known to severely damage the Membrane 
Electrode Assembly (MEA) [1], [2]. Some authors directly studied the degradations induced by start-up 
and shut-down [3–5] but Accelerated Stress Tests (AST) are usually preferred, for their simplicity and 
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because they enable obtaining results more rapidly [6], [7]. 
The purpose of this paper is to compare the degradations resulting from repeated cyclic voltammetry (CV, 
a classical method of AST) with those induced by start-ups (SU). The experiments were realized with a 
segmented cell in order to monitor the degradations at both global and local scales. Punctually, the Local 
Electrochemical Surface Areas (LECSA) are estimated and a polarization curve is recorded. 
2. Experimental Conditions 
2.1. Segmented fuel cell 
This work was performed with the 1 × 30 cm² segmented cell described in [8], [9]. Membrane-electrode 
assemblies (MEAs), provided by Johnson Matthey consisted of a Nafion 212 membrane, with 
0.6 mgPt/cm² cathode (0.2 mgPt/cm² anode) and 190 μm thick gas diffusion layers (Toray paper) 
compressed to 150 μm using Teflon gaskets. Air and hydrogen flow through five 0.7 mm × 1 mm parallel 
channels. The cathode compartment is machined in a polycarbonate plate and the current is collected 
independently from 20 electrically insulated segments, thanks to four 15 mm-long, 1 mm-thick gold 
plated brass strips. The four strips are electrically connected outside the cell, which amounts to averaging 
the current over the width of the MEA. The anode flow field plate is in gold-plated aluminium. It is not 
segmented and is also used to control the temperature in the cell thanks to a cooling circuit and a 
thermostated bath. In the present experiments, hydrogen and air were introduced in the cell in counter-
flow and all gases were humidified by bubbling in liquid water. 
When the cell is under normal operation, the local current densities can reach up to 2 A/segment: these 
local current densities were measured thanks to 20 shunt resistors of 5 m: and recorded by a data 
processing and acquisition system. When the voltammograms were recorded, the maximum current 
densities were of the order of 20 mA/segment and they were measured thanks to Hall current sensors (CT 
0.1-P - LEM - ±200mA). Cyclic voltammetry requires also a power source (3A-20V) which was set in 
parallel with the cell and the load. 
 
Fig. 1. Segmented cell electrical connections 
2.2. Test bench 
Aging protocols involving start-up/shut-down cycles and frequent local characterization 
sequences (electrochemical impedance spectroscopy –EIS-, CV, polarization curves) require supplying 
the fuel cell with different gases: air and nitrogen at the cathode, hydrogen, air or nitrogen at the anode. 
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For that purpose, a fully automated test bench was used. It includes 7 three-way solenoid valves and 7 
mass flow controllers that allow selecting a broad range of flow rates. Each gas flowed first through a 
discharge tube before being introduced into the cell in order to improve the response of the mass flow 
controllers.. A Labview program enabled controlling the mass flow of the different gases, the operation of 
the valves, the load, the power source and the acquisition data. Local EIS was recorded with a National 
Instrument USB 6221 load controller and performed in galvanostatic mode in a frequency range of 0.05 
to 800 Hz with an amplitude of the (total) current oscillation equal to 5% of the steady state settled to 0.5 
A/cm². 
 
2.3. Experimental protocols 
The fresh MEA were first conditioned during ca. 24 hours. The conditioning procedure included current 
steps until 1.2 A/cm² and two oxygen starvation steps consisting in a shut-down of the air supply while 
the current density was maintained at 0.5 A/cm². Then, the aging protocols consisted of repeating 
identical cyclic voltammetry or start-up/shut-down sequences: 
x The first protocol was based on a succession of 272 voltammetry cycles. Each cycle consisted of 
two linear potential scans between 0.1 V and 1.2 V at a sweep rate of 50 mV/s. The anode was 
supplied with saturated hydrogen, while the cathode compartment was filled with saturated 
nitrogen (no flow). A characterization sequence was made after each 17 cycles. It included: 
o Operation of the fuel cell at constant current density (0.5 A/cm² for 300 s); 
o Measurement of the local EIS spectrum for each segment; 
o Measurement of the global and local fuel cell polarization curve; 
x The start-up protocols were performed with low (2 slph – 8 cm/s*) and high (10 slph – 42 cm/s) 
hydrogen flow rate. In-between each start and stop the cell was operated at 0.5A/cm² for 300 
seconds. A cyclic voltammetry and the characterization sequence described above were 
performed every 17 sequences. 
 
It must be noted that all transition steps not described explicitly were performed in order to limit as much 
as possible the degradations: for instance, shut-downs (during start-up and cyclic voltammetry protocols) 
and start-ups (during the cyclic voltammetry protocol) were carried out with 20 slph (87 cm/s) of air or 
hydrogen, respectively. 
3. Results and discussion 
Fig. 2 presents the evolution of the fuel cell voltage at 0.5 A/cm² as a function of the number of start-
ups/CV carried out. Performing cyclic voltammetry does not lead to a decrease of the fuel cell 
performance: the voltage even slightly increases (from 0.725 to 0.736 V). Electrochemical Impedance 
Spectroscopy measurements reveal a reduction of the high frequency resistance from 7.9.10-2 to 7.5.10-
2 Ω.cm² between the beginning and the end of the protocol. The latter explains most of the voltage 
increase, indeed the 4.10-3 Ω.cm² decrease of the high frequency resistance corresponds to a voltage gain 
of 8.10-3 V at 0.5A/cm². On the contrary, the start-up aging protocols result in a drop of the fuel cell 
voltage, which is more pronounced with decreasing hydrogen velocity: -30 mV (≈ -100 μV/Start-up) with 
a hydrogen flow rate of 10 slph (42 cm/s) and -190 mV (≈ -700 μV/Start-up) with 2 slph (8 cm/s).  
 
* The hydrogen velocity was estimated in the last segments of the cell starting from the current density, the time it becomes positive 
being an indicator of the location of the front separating hydrogen and air [9]. 
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Fig. 2. Evolution of the fuel cell voltage during cyclic voltammetry and start-up aging protocols. 
Fig. 2 shows a first quantitative difference between degradations resulting from repeated cyclic 
voltammetry and start-up/shut-down procedures. Complementary information is given by the evolution of 
the platinum ECSA at global and local scales (Fig. 3). Although the fuel cell voltage does not vary 
significantly when performing repeated voltammetry cycles, the ECSA diminishes by about 25%, this 
decrease being homogeneous along the cell. According to previous studies [10–12], the ECSA loss is 
linked to (long and short range) Ostwald ripening leading to the apparition of platinum particles in the 
membrane and to particle coarsening in the catalyst layer. Since the MEAs used in this study contain a 
high loading of platinum, the ECSA loss has no immediate effect on the cell performance. The same 
experiment was performed in similar operating conditions: it was observed that the fuel cell voltage 
measured at 0.8 A/cm² started to decrease after the 272nd voltammetry. The ECSA loss after 306 CV was 
comparable (-25%).  
 
Conversely, repeated start-up cycles lead to a fast and significant drop of the ECSA, all the more 
pronounced since the hydrogen flow rate is low, and non-homogenous over the MEA surface: while the 
ECSA drops of the first segment are similar whatever the aging protocol (on the order of 30% with CV or 
SU with various hydrogen velocity - Fig. 3b), that of segment #20 depends clearly on the protocol applied 
(Fig. 3c): 
x about 90% of ECSA loss after 272 SU with a low hydrogen velocity, 
x 80% after 272 SU with a high hydrogen velocity, 
x and 25% after 272 CV. 
Segment #2 to #19 present intermediate level of degradation with a decreasing profile of ECSA from the 
inlet to the outlet of the anode compartment. Indeed, most of the degradations occurring during start-up 
are linked to Pt and carbon oxidation induced by reverse currents occurring in the passive part of the cell 
during SU and SD [13]. Both were clearly correlated to the residence time of air (oxygen) and hydrogen 
in the anode compartment [8],[14]. These degradations are also linked to the potential cycling induced by 
the start-up and shut-down procedures, but to a much lesser extent. These results were confirmed by post-
mortem analyses carried out with MEA submitted to SU aging protocols: in the last segments (close to 
the hydrogen outlet), we observed a thinning of the cathode near the hydrogen outlet and the presence of a 
Pt-band characteristic of long range Ostwald ripening within the MEA  (Fig. 4); on the other hand, the Pt-
band and the electrode thinning were not observed near the hydrogen inlet [15]. 
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Fig. 3. Evolution of the platinum ECSA during the different aging protocols: a) mean value over the whole cell, b) values measured 
in segment #1, and c) #20. 
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Global a) 
Segment 1 b) 
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Fig. 4: SEM images in back-scattered mode of a MEA aged under repeated start-up cycles (136 start-up performed at 2 slph 
hydrogen flow rate  for different segments along the cell 
4. Conclusions 
The results presented in this paper show that the damages induced by repeated voltammetry cycles differ 
from those resulting from alternation of start-up/shut-down procedures. Repeated CV yield a 
homogeneous decrease of the ECSA with a much less significant impact on the fuel cell performance than 
SU. SU (and SD) imply that oxygen and hydrogen reside simultaneously in the anode compartment for a 
time that depends on the gas velocity. This results in a much more heterogeneous decrease of the ECSA, 
as well as significant carbon oxidation. Consequently, repeated cyclic voltammetry sequences do not 
appear as a well-adapted AST for studying the effects of start-up and shut-down procedures. 
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